The mechanism by which radiation exposure leads to death in mammalian organisms remains unknown, although numerous hypotheses have been discussed. At the lowest total body radiation doses leading to mammalian mortality, death occurs from the hematopoietic syndrome (HS). HS is thought to result from the cell killing effects of radiation in the bone marrow that lead to low numbers of circulating blood cells and the resultant HS symptoms, such as infection [from the loss of white blood cells (WBC)] and bleeding (presumably from the loss of platelets). Over approximately the last half century, the dose of ionizing radiation that kills half of an experimental group/exposed population, known as the LD 50 , has been used as a parameter to compare the radiation sensitivity of various mammalian species. It is well known that the LD 50 is highly variable for different mammalian species; however, the bone marrow cells of different species, strains and individuals are known to have remarkably similar sensitivities to the cell killing effects of ionizing radiation (1, 2) . These results suggest that the lethal effects of radiation in blood cells may not be the primary mechanism by which the HS causes death. Our results have suggested that radiation induced activation of the coagulation cascade, resulting in a condition known as disseminated intravascular coagulation (DIC), could be the major mechanism by which relatively low doses of radiation could lead to animal, including human, mortality.
Our experimental work has focused on the biological effect of solar particle event (SPE) radiation in ferrets. Ferrets exposed to SPE radiation have increased clotting times and factor deficiencies, indicating hypocoagulability (3). Our current studies in ferrets have shown that SPE proton radiation exposure at 1 Gy leads to increased bleeding times, concentrations of soluble fibrin in blood, and fibrin clotting in the livers, lungs and kidneys of irradiated ferrets within 24 h postirradiation (3, 4) . The measurement of soluble fibrin in the blood is a marker for DIC in the clinic (5) . DIC occurs when the clotting cascade is activated and is characterized by simultaneous bleeding and clotting. Disseminated intravascular coagulation is a serious, life-threatening condition that can occur as a result of trauma, infection or cancer (6). Ferrets exposed to 2 Gy of SPE irradiation exhibit extensive hemorrhaging through organs and other signs of DIC at 13 days postirradiation (unpublished data, Krigsfeld GS, Savage AR, Lin L and Kennedy AR).
There are relatively few cases of humans (particularly in the last half century) exposed to doses near the LD 50 who have not received treatments for the prevention of radiationinduced death. As the commonly used treatments for potentially lethal radiation injury have beneficial effects, human LD 50 values are imprecise, with estimates ranging from 3-4 Gy for young adults without medical intervention. However, human LD 50 values for the very young or the old maybe lower (7), (between 2-3 Gy) with estimates as low as 2.43 Gy [reviewed by Lushbaugh (8) ].
Remarkably different LD 50 values have been reported for different species. Examples of LD 50 values for different species (2, 9) , and a range of reported human LD 50 values (7), are shown in Table I . The LD 50 values listed in Table I for the animal species indicating several strains are the average value for the different strains evaluated in the studies reviewed by Morris and Jones (2) . Ferrets are the most sensitive mammalian species (9), closely followed by dogs and pigs. Pigs have a similar LD 50 to that of ferrets, and like the ferrets, exhibit hemorrhaging at death 2,3 (10). The LD 50 in Gottingen pigs is 1.8 Gy and widespread hemorrhaging is observed (10) . In this model system, at doses near the LD 50 , there is some evidence of DIC with the ''faster onset of systemic inflammation (C-reactive protein, fibrinogen) and multi-organ dysfunction''. 4 Similarly, dogs exhibit hemorrhagic diathesis at doses near the LD 50, and die with signs resembling DIC (11, 12) .
While DIC has not been diagnosed as a cause of radiation induced death in the pig or dog studies described above or in irradiated human populations, a hallmark of DIC, i.e., hemorrhage at death, has been frequently observed in irradiated mammals, including humans. There is evidence that humans exhibit bleeding in response to radiation at doses of 2-4 Gy (7). There is extensive evidence that widespread hemorrhages occurred in the Hiroshima and Nagasaki casualties, even in the relatively low-radiation dose groups (13) ; the estimated LD 50 values for those irradiated in Hiroshima and Nagasaki are approximately 2.5 Gy (8, 14) . Other information about hemorrhaging after human radiation exposures comes from accidental wholebody irradiation (e.g., the radiation accidents in Norway (15) and Brazil (16, 17) . In these cases, several people were accidently exposed to whole-body irradiation at doses near the human LD 50 . These patients were treated medically and bleeding was reported in many of these patients. In the Goiania, Brazil, accident, 4 people died and all 4 of these patients had symptoms resembling DIC, which included extensive internal hemorrhaging (16, 17) .
A reduction in the number of platelets can result in hemorrhaging and death; however, our results in irradiated ferrets suggest that a reduction in the number of platelets does not cause the blood clotting abnormalities leading to DIC after radiation exposure (3, 4) . We have reported that platelet cell counts in ferrets exposed to a 1 Gy dose of SPE proton radiation are not significantly different from control levels over 7 days postirradiation. During this time period, the irradiated ferrets exhibit serious blood clotting abnormalities while the platelet counts are well within the normal range (4). The platelet counts are significantly reduced at times of overt or ''terminal'' DIC in ferrets, but they do not appear to play an important role in the early changes leading to full-blown DIC. This same phenomenon has been reported in irradiated dogs who exhibit symptoms of DIC, the ''preterminal'' platelet counts are not depressed at the time bleeding abnormalities are occurring, but the platelet counts in irradiated dogs with full-blown DIC are greatly reduced (12) . In atom bomb casualties, widespread hemorrhages were observed in people whose level of platelets had not fallen to values when hemorrhages usually occur (13) . While the primary established effect of platelets is the prevention of bleeding, platelets have numerous other functions as well (e.g., 18, 19). It has long been known that platelet injections and other factors can have beneficial effects on hemorrhaging; however, platelet infusions do not prevent all deaths from the HS (20) . The correlation between platelet infusions and decreased death does not prove that the lethal effects of radiation are a consequence of reduced platelet counts, which result in bleeding.
Hemorrhaging and signs of DIC have been frequently reported in higher mammalian organisms such as dogs and pigs; however, hemorrhaging has not been reported in mice (at doses near the LD 50 levels), which is the species that is most often used in radiobiology studies. If mice are used in studies focused on hemorrhaging as an end point, mice with genetic deficiencies in genes associated with clotting factors, such as Factor VIII, are frequently used, as opposed to wild-type mice (e.g., 21). It has been hypothesized that to use mice as a research model in hemostasis, a ''humanized'' mouse model should be used that includes an immune system similar to that of humans as well as human liver/ liver cells that provide components of coagulaton (22) . While it is generally agreed that infection and hemorrhaging are the major causes of death from the HS, one or the other of these factors maybe the predominate cause of death in different species (20) . For example, in mice, bacteremia is the predominant factor leading to death at doses near the LD 50 values (20, 23, 24) . Bacteremia is not the major cause of death for radiation induced HS in dogs, rabbits, guinea pigs or pigs (20, 25) . In these species, hemorrhage is thought to be the major cause of death at doses near the LD 50 values. The pathophysiology of the HS in pigs is thought to be like that observed in humans (10) .
The mechanism by which radiation exposure results in specific hemostatic changes that eventually led to DIC remains unknown. However, we have proposed several hypotheses about the mechanisms by which radiation could cause the initial changes leading to the activation of the coagulation cascade and its progression to DIC in mammals: (1) Inflammation induces activation of coagulation and DIC through cytokine signaling that causes endothelial cells and monocytes to express tissue factor; Hall and Giaccia (7) a The actual LD 50 values for the animal strains were determined experimentally in the studies reviewed by Morris and Jones (2), averaged values are presented here.
b For young adults without medical invention; may be less for the very young or the old.
tissue factor is a known inducer of coagulation (26); (2) Radiation is well known for its ability to cause inflammation, and rapid activation and release of cytokines (27) ; (3) Radiation exposure at a dose of 2 Gy can cause a loss of barrier function by the gastrointestinal tract, which results in the spread of bacteria into the bloodstream (28, 29) and these gut-derived bacteria secrete endotoxin, which is also a known inducer of DIC (30) ; and (4) reactive oxygen species (ROS) play a role in controlling/triggering the coagulation cascade (31), and radiation is well known in its ability to produce ROS. Very likely, the combination of several triggers can contribute to the radiation-induced activation of the coagulation cascade. In combination, the variables that contribute to the manner in which different species handle parameters related to inflammation, infection, and ROS may explain the variability of LD 50 values in different species and strains.
The data discussed here from ferrets, dogs, pigs and people suggest that we need new ways of thinking about the mechanism involved in radiation induced death at the LD 50 level. As the human LD 50 is closer to the LD 50 of ferrets, pigs and dogs than it is to the LD 50 of mice, this relationship would suggest that species such as ferrets, pigs and dogs are likely to be better animal models than mice for evaluating the effects of radiation on the bleeding risks for humans. If radiation-induced DIC leads to human death at the LD 50 dose, it is important that a species exhibiting a bleeding phenotype at an LD 50 dose close to that of humans be utilized for studies related to the activation of the coagulation cascade and appropriate countermeasures for this phenomenon, as the countermeasures appropriate for use in the prevention/cure of DIC and the cell killing effects of radiation may be very different.
